A finite volume method for inviscid unsteady flows at low Mach numbers is studied. The method uses a preconditioning of the dissipation term within the numerical flux function only. It can be observed by numerical experiments that the preconditioned scheme combined with an explicit time integrator is unstable if the time step ∆t does not satisfy the requirement to be O(M 2 ) as the Mach number M tends to zero, whereas the corresponding standard method remains stable up to ∆t = O(M ), M → 0, though producing unphysical results.
Introduction.
The efficient simulation of low Mach number flows is a subject of ongoing discussion in the CFD community. While the flow is expected to be incompressible, in a lot of applications the Mach number or the compressibility properties vary strongly in time or space. This is for example the case in nozzle flow, chemically reacting flows or laminar combustion. A specific example is a fire in a road tunnel, where the strong heat sources make parts of the flow compressible although the Mach number M remains small, i.e. M ≈ 10 −3 . It is well known that purely compressible flow solvers which were developed for transonic flow produce wrong results at low Mach numbers. On the other hand, standard incompressible flow solvers cannot deal with strong temperature or strong density gradients. This sets a demand for codes that can deal with flows at all Mach numbers.
As a lot of expertise and development time was put into currently used codes, the desire to expand an existing code as opposed to writing a completely new one is very natural. Consequently, there are two main approaches to the design of numerical methods for the above mentioned flows: use either the compressible or the incompressible Euler or Navier-Stokes equations as the basic model and improve upon the existing methods. Both approaches are pursued and widely used. One important idea in this context was the artificial compressibility method by Chorin that inspired the preconditioner of Turkel [24] for the compressible equations. These methods incorporate a preconditioning of the time derivative of the PDE, thus allowing faster convergence to steady state but sacrificing time accuracy. Along these lines, other preconditioners were proposed [26, 1] . The crucial idea is, that as the Mach number tends to zero, the original system develops a large disparity in wave speeds, as some of the eigenvalues grow to infinity while others stay O(1). The preconditioner changes all the wave speeds to O(1), thus greatly improving the condition number of the system.
For incompressible flows, there are two main techniques that are used to expand the validity of the scheme into the compressible regime. One class of schemes is based on the marker and cell method, MAC for short, by Harlow and Welch [5] , which is a finite difference method on a staggered grid. The method is quite fast, but it is very difficult to use the staggered location of the variables in the context of unstructured grids. Recently, Wenneker, Segal and Wesseling proposed a method that faces this difficulty [29] . On the other hand, Patankar and Spalding [19] published their SIMPLE scheme in 1972. Based on an approximation of the pressure, a velocity field is computed using the momentum equations. Then, an elliptic pressure correction equation is solved to improve the approximation of the pressure. These steps are then iterated until convergence is achieved. The approach is not limited to incompressible flows: see [2] . Both SIMPLE and MAC scheme as well as their improved descendants have in common that they work on the velocity field and the pressure distribution. By contrast, codes for compressible flow are usually based on the conserved variables density, momentum and energy. Thus, in the context of methods for all Mach numbers it is useful not to speak of incompressible and compressible solvers, but of pressure based and density based schemes.
In this paper, we will concentrate on the case of density based flow solvers. Here, three main techniques to obtain time accuracy can be distinguished. First of all, there is the technique to use the above mentioned preconditioning methods for steady state flows in a pseudo time stepping scheme [23, 25, 28] . Furthermore, there is the flux correction approach, where an approximation to the Euler or Navier-Stokes equations is solved and then corrected via elliptic correction equations [6, 11, 21] . Finally, there is the flux preconditioning approach, where only the dissipation within the numerical flux function of the flow solver is changed by low Mach number preconditioning [4, 17] . This has several advantages. At first, the consistency of the numerical flux function is still maintained. An add-
